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1.0 Introduction

; (’ Biotechnology is now widely recognized as a scientific field ‘
1 with extremely hlgh growth potential, as evidences by the wide

interest shown in "genetic engineering”. This, however, is only :
one facet of the field. A more immediately applicable segment : '
of the field is the use of enzymes. Enzymes are already being
used in tasks ranging from industrial chemical production to !
clinical chemistry. All these tasks can be made more cost-effec-
tive by .the development of more active and/or more stable enzymes.
In most cases, this development is expected to entail the immo-
bilization of the enzymes.
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Immobilized enzymes have potential military applications
as well as industrial uses. Among these potential applications
are pollution control, air and water purification and detoxifi-
cation, sensors for CBY applications, energy production, and a
variety of medical uses. However, military applications can
present difficulties not seen in industrial situations. Military
applications tend to require serviceability under harsh, less .
well-controlled conditions, by less technically quallfled per- 1
sonnel, perhaps under emergency conditions requiring fail-safe
operation. Thus, although the potential is clearly present,
evaluation of biotechnology and enzyme technology for the Navy, ]
or for the military as a whole, requires special allowances for
these special problems.

‘ This report describes the first phase of a program to sur-
vey potential Naval applications of immobilized enzymes., In-

cluded in this phase of the project are a general classification
of the literature, initiation of the detailed survey, a report
on the possible computerization of the survey, and specific re-
ports on possible Naval applications based on on-site discussions
vith Naval personnel and extrapolations of potential enzyme-based
processes described in the literature.




2.0 Technical Discussions

Following segments of this rcport will provide summaries
of our efforts during the first phase of this project. Detailed
results of the initial data survey will be found 1in section 4.0.

2.1 Dbata Classification

The wide range of enzymes available and the proliferation
of variant names for the enzymes resulted in the establishment,
in the late 50's, of an International Commission on Enzymes as
part of the International Union of Biochemistry. The Commission
has now published four compilations, the latest of which, in 1978,
covers 2122 enzymes. The enzymes are divided into six gereral
classes: oxidoreductases, transferases, hydrolases, lyases, iso-
merases, and ligases. Each class is subdivided into subclasses
based on the molecule(s) acted upon, the chemical bond broken
or formed, or the cofactor used in the reaction. Examples of
this system for the oxidoreductase class are shown in Table 1.
Separate classifications were established in this survey for
immobilizations of coenzymes or cofactors, for immobilizations
of whole cells or organelles, and for theoretical studies of bio-
technology problems.

This classification system was chosen as the primary organ-
izational reference. Thus, the tables attached are listed in
their sequence by enzyme number according to the IUB recommenda- N
tions. All immobilizations located for a given enzyme may be § )
found under its corresponding number. Section 4.1 contains a o
list of all enzymes included in the data base to date.

At an early stage of the compilation, it was found advisable
to include other organizational data with the abstracts of each
item in the data base. Immobilization methods were categorized :
as outlined by Zaborsky (1973) and numbered as shown in Table 2.

The immediate purpose of the work described in the item abstracted L
was also categorized and numbered as shown in Table 3. These

additional data will facilitate later computerization of the

data base, should this be desirable, and also are of aid in stor-
age and retrieval of specific items.

. s

The abstracts presented in section 4.1 are organized in tabu-
lar form. The IUB number, formal name, and common name(s) and
reactlon(s) catalyzed are shown for each enzyme. Then, for each
citation in which the enzyme was employed, the method of immobili~
zation, major results and any comments are listed. The appropri-
ate c1tat10n, from the list 1n section 4.2, is identified in the
column at the far right.
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ﬂ

Classification
Number

Classification and Nomenclature of Enzymes ]

Classification

1.0 Oxidoreductases

e o -

-4

tae

1.

1

.10

.11

.12

.13

.14

Number and Trivial Name

of Example

Alcohol donor

Carbonyl donor

CH-CH donor

CH-NH, donor

C-NH donor

NADH donor

Other nitrogenous
compounds as donors

Sulfur groups as
donors

Heme groups as
hydrogen donors
Diphenols as
hydrogen donors
H:0, as hydrogen
acceptor

H, as reductant

0, as oxidant of
single substrate

0, as oxidant of
paired substrate

18

RO

1.1 Alcohol -

1.1.
dehydrogenase
1.2.1.9 Glyceraldehyde
phosphate dehydro-
genase
1.3.1.3 Cortisone reductase
1.4.3.4 Monoamine oxidase
1.5.1.2 Pyrroline-S—carboxylate
reductase
1.6.2.2 Cytochrome bs reductase
1.7.99.2 Nitric oxide reductase
1.8.1.2 Sulfite reductase
1.9.3.1 Cytochrome oxidase
(formerly called
cytochrome as) t
1.10.3.1 o-Diphenol oxidase
1.11.1.6 Catalase
1.11.1.7 Peroxidase
1.12.1.1 Hydrogenase
1.13.1.1 Catechol 1,2 oxygenase
1.14.1.6 Steroid 11-B-hydroxylase
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TABLE 2 - |

Joo

Classification of Immobilization Methods

Covalent attachment to polymer ‘
Intermolecular crosslinking

Copolymerization of enzyme and polymer P
Physical adsorption

Entrapment within polymer matrix
Microencapsulation

Containment via semipermeable membranes
Miscellaneous

ONOWVMEHWN =

TABLE 3 ?

Classification of Level of Advancement of Research

1. Theoretical analyses
2. Study of immobilization technique ]
3. Study of enzyme properties
4. Laboratory scale (research) system
5. Pilot-plant scale (development) system
6. Commercial operation
0. None of the above
TABLE 4
Classification of Purpose of Rescarch
1. Enzymology - General
1.1 Immobilized enzymes
1.1.1 General
1.1.1.1 General review articles
1.1.1.2 Data compilations :
1.1.1.3 Lists of references
1.1.1.4 Studies of immobilization methods
1.1.1.5 Studies of immobilized enzymes properties |
1.1.1.6 Transport phenomena in immobilized enzymes '
1.1.1.7 Engineering of immobilized enzyme systems
1.1.1.8 Concepts suitable for future use of immobilized enzymes
1.1.1.9 Cofactor immobilization and processing ‘
1.1.2 Enzyme electrodes - General
1.1.2.1 Medical appllcatlons ]
1.1.2.2 Environmental applications '
1.1.2.3 1Industrial applications :
1.1.2.4 Thermal enzyme probe
1.1.2.5 Automated analyses
i
(I
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§ 1.1.3 Food processing f
‘ : ‘r 1.1.3.1 CGlucosc isomerization .
' - 1.1.3.2 Lactose hydrolysis
1.1.3.3 Polycaccharide” reduction ‘
* 1.1.3.4 Brewing and fermentation |
| \ 1.1.3.5 Cheese processing ‘
! ! 1.1.3.6 Milk processing L
¢ ﬁ 1.1.4 Energy production g
; 1.1.4.1 Hydrogen production
[ : 1.1.4.2 Fucel cells -
r ‘ 1.1.5 Industrial wastle treatment
: 1.1.5 Removal of toxins
1.1.5 Anti-fouling treatment
1.1.6 Mecdical and biochemical applications

Detoxification of air and water .
Dialysis of body fluids |
0, and €O, transport

Biopolymers scequencing

Reaction mechanism studics

Enzyme therapy

Dental applications

Blood antigen control

Purification of biochemicals

.6.10 Artificial organs using immobilized enzymes
Pharmacecuticals
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-1.7.1 Amino acid production 5
.1.7.2 Steroid derivatives
.1.7.3 Penicillin derivatives
1.1 General chemical manufacture
1.2 Immobilized cells
1.2.1 General
1.2.1.1 General review articles
1.2.1.2 Data compilations
1.2.1.3 Lists of references
1.2.1.4 Studics of immobilization methods #
1.2.1.5 Studies of immobilized cells properties ]
1.2.1.6 Transport phcnomena in immobilized cell systems
1.2.1.7 Engincering of immobilized cell systems
1.2.1.8 Concepts suitable for future use of immobilized cells
1.2.2 TImmobilized cell electrodes - general
1.2.2.1 Medical applications
1.2.2.2 FEnvironmental :
1.2.2.3 1Industrial
1.2.2.4 Thermal cell probe
1.2.3 Food processin
1.2.3.1 Glucose isomerization
1.2.3.2 Lactose hydrolysis
1.2.3.3 Polysaccharide reduction
1.2.3.4 Brewing and fermentation
1.2.3.5 Cheecse processing
1.2.3.6 Milk processing
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2.2 Specific Applications of Naval Interest

In the coursce of this survey, scveral studies have been lo-
cated which present applications of immobilized biocatalysts with
immediate or long-range potential for usc in naval or military

systems. This secction of this report will highlight these studies,

vhich may be divided into the following ;eneral arcas: air and
water pollution detection and purification (including CBW activ-—
ities, and waste disposal), energy production, medical applica-
tions, and a miscellancous category. In each arca, efforts to
date are of two types. 1In the more advanced systems, an immobil-
izod-biocatalyst process is in the laboratory research or carly
development phase, with clear possibilities for Naval or mili-
tary use. Other p0331b111t1c in which the immobilization of
the biocatalyst has not yet been accomplished but would clearly
be of use in the proposed task, will also be cxamined. The dis-
cussions here will include briefly all relevant references ac-
quired to date. If the reference has been entered into the data
base, the appropriate rceference number and enzyme number will be
civen., Unabstracted references mentioned in this discussion are
listed at the end of the main body of the report.

2.2.1 Air and Water Monitoring and Trecatment Systems

Applications of jmmobili~zed biocatalysts to these systems
can be divided into subcategories dependent on whether the sys-—
tem 1s usced for monitoring or for treatment and on whether the
contaminant of interest is a pollutant or a toxin (chemical or
biological in nature)., Investigations into the use of biocata-
lysts in all these possible combinations have been initiated.

Methods for the detection of environmental contaminants
appear to be predominantly elcctrochemical in nature. A series
of devices (40, 131, 132, 133; see also Hoover, 1972; Goodson
and Jacbos, 1976) have been developed for the cloctrochemical
detection of cholinesterase (3.1.1.7) inhibitors. Inhibition
of this cnzyme, involved in neuromuscular transmission, 1s the
primary mode of action of many CBW agents used as anti-personnel
weapons dnd also of many pesticides employed in civilian and mili-
tary environments. In all of thesc detectors, cholinesterasc is
immobilized in some form., An acylcholine substrate flows past
or through the enzyme and, in the absence of inhibitor, is hy-
drolyzed to an clectroactive specics whose concentration is mea-
sured electrochemically. 1Introduction of inhibitor to the enzyme
cnviromment (by a varicty of mcthods depending on whether the
sample is gascous or liquid and the expected type and concentra-
tion of lnhlbltor) causcs a decreased cnzyme act1v1ty and a re-
sultant decreasc in the concentration of electroactive product.
This decrcase is monitored and activates alarms and/or diagnostic
cquipment .,
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The gencral use of cholinesterase inhibitors in CBW agents
clearly indicates the applicability of this system to military ‘
requircements.  However, continued development is necessary to )
attain the rLlldblllLy, operability, and durability needed in
an active military environment. Similar devices could casily
be designed to detect the presence ol CBW agents operating on
other metabolic systems.

Elcctrochemical detection is also the primary mode of opera-
tion of other systems using inmobilized biocatalysts to detect
and quantify pollutant levels Karube et al. (125) have developced
microbial elcectrode BOD sensors. One sensor detects the decrease
in oxygen duc to consumption by a layer of immobilized microbes,
while the other is a fucl cell, mcasuring current produced by
the metabolic activity of immobilized microbes in contact with
wastewater The first method (oxygen decrease detection) appears
to b¢ more gcncrally applicable to contaminant detection problems.
It may be applied to the detection of any specific contaminant
desired by employing a blocatalyst which has a spec1f1c affinity
for that contaminant and which utilizes oxygen in its metabolism
of the contaminant. Thus, Neujahr and Kjellen (1980) have immo-
bilized phenolhydroxylase to construct a phenol electrode.
Hikuma et al. (1979) have lmmoblllaed whole bacterial cells to
determine methanol, ethanol, and, in anothcr publication (Hlikuma
et al. 1980), ammonia. Aizawa et al. (1974) have constructed a
hydrogen peroxide sensor using immobilized catalase. Kobos et al.
(1979) have used a different concept to build a nitrate-sensi-
tive electrode. In this method, immobilized bacteria reduce ni- ;
trate to ammonia which can be detected by standard ammonia-sensing
electrodes; however, these electrodes arc subject to more inter-
ference [rom relaLed substances

The probes utilizing oxygen sensors are less subject to this
type of interference; however, any other substance present in the
sample which 1s metabolized and uses up oxygen will crcate prob-
lems. This problem can be minimized by using specific enzymes
rather than whole cells. In many cases, however, a system of
several enzymes and/or coenzymes is required for the desired
metabolism to occur, thus making enzyme immobilization more dif-
ficult. 1In other cases, removal of the enzyme from the cellular
environment destabilizes it so that immobilization of the enzyme
is extremely inefficient. Isolation of the enzyme can also be
a problem in many cascs. These considerations apply equally well,
of course, to immobilizations performed for other purpose

—o— -
o

Use of immobilized biocatalysts in the removal of contamin-
ants is also an important research topic. Humphrey and Pye (1972)
have fabricated a pilot system for removal of phenol from water
using immobilized polyphenol oxidase. Klein et al. (1979) have
accompllshcd the samec objective using immobilized whole cells
(Candida tropicalis). MHowever, their study was aimed at eluci-
dating the kinetics of the reaction and did not cxamine the re-
moval of small amounts of phenol. Johnston (1976) has examined {ﬂ)
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the removal of sucrose from waste water using immobilized inver-
tase, Smllcy et al (45) have examined the use of immobilized
amylasce (3.2.1.1) to treat the starchy effluent from paper mills,

Several other systems for contaminant removal using biocat-
alysts have appecarcd in the literature which are morce casily ap-
plicable to military or Naval nceds. Cholson and Guire (1973)
report the initial rescarch on a system to modify enzymes to ad-
here to hydrocarbon-water interfaces. This could then be used,
in prlnL]PIU vith hydrocarbon-oxidizing enzymes in treatment of
0il slicks. lowever, hydrocarbon-oxidizing enzymes typically
require cofactors; thcrcfore, whole cell preparations are more
likely to succecd. Hollo et al (1979) report the removal of ni-
trates and dissolved plutonium (among other heavy metals) by a
packed bed of Pseudomonas acruginosa. Up to 967 of dissolved Pu
wvas removed, while the Pu concentrated in the packing could be
more casily “handled. Hancher ¢t al (106) have developed a pilot
plant lcvel system for denitrification of nitrate-containing waste-—
vaters from, among other sources, nuclear fuel reprocessing plants.
The systen uses whole bacterial cells which self-absorb on finc
coal parLJL10 The authors expect that the pilot gldnL can rc-
duce 16 11L0rs/m1n of 4,000 g NO;/m® to 5 g NO3;™/m”.

Other rescarch efforts have been aimed at the removal of
pithogens and toxins using immobilized blocatalysts. Gainer et
al (21) and Enright (1973) report 1nvost1gat10ns of the use of
colums of enzymes immobilized on ceramic supports to destroy
viruses in aerosol form passed through the column. Decreases of
2 logs (100 times) and more were found using immobilized ribonu-
clease (3.1.26.1) on strains of inf{lucnza, herpes, and Coxsackie
viruses. Similar techniques were found effective for bacterial
acrosols on E. coli and micrococcus strains., Henry (35) studied
the usce of immobilized peroxidase (1.11.1.7) on E. coli and S.
aureus. Up to 85% of the cells were killed in a batch test;
however, no continuous tests were made and there appeared to be
a large variation depending on the source of the peroxidase used.

In the ficld of toxin removal by immobilized biocatalysts,
Munnecke (43, 129, 130) has reported a series of studies bascd
on the isolation from a mixed bacterial culture of an enzyme
capable of hydrolyzing parathion (0,0-diethyl-O-nitrophenyl phos-
phorothioate), a commonly used insecticide. The cnzyme was 1s0-
lated and bound to porous glass and porous silica beads which
were employed in a {luidized-bed recactor. At total flow rates
of industrial wastcwater up to 96 liter/hr and parathion concen-
trations up to 250 ppm, the system hydrolyzed 95% or more of the
input parathion. Other pesticides, including 2,4-D, DDT, and
aldrin are thought to be SUSCLptlble to such degradatlon (Munnccke
1976). Since the organophosphate insecticides are closely related
to several CBW agents (e.g., GB), this technique might prove
adaptable to use in a detoxification system.

& 3 vl




10
{ Another potentially uscful concept in the CBW field involves
i the development of a direct indication of whether a specific ) ]
localized area had actually been exposed and would thercforc re-

quire decontamination. Such an indication would be sensitive
H to onc or more of the agents likely to be employed at the ex-—
‘ pected dose level and should provide an irreversible, sharp in-

dication of exposure, ,
} - Upon exposure to several organophosphate agents (including .
GB and Soman), the following rcactions occur (wherc L - H is
! thc active site of the cholinesterase molecule and - B £
: is the general formula for the organophosphorous agents)
0 R )
E-H + R-P-&, —7 - TZF —> E=P-Ry + HFE
1 } ]
E Oy pe 0®

In the case of the most potent CBW agents, the last reaction is
essentially irreversible, thus blocking the active site of the
enzyie.  Therefore, the dCLLCtJOD of the presence of the CBW
agent 1is (qu1va10nt to the detection of the product, HF. 1In
the casc of other agents, a similar reaction occurs, but the
product rcleased is different, including HCN and p-nitrophenol.

Detection of the small quantities of HF produced by lethal
amounts of CBW agents can be accomplished in several ways For
example, a chemical can be included in the detector in a micro-
encapsulated form which can be dissolved by HF. On dissolution, )
this chemical would react with a second chemical to give a colored
species by an irreversible reaction. If the capsules are highly
sensitive to HF, a visible reaction would result {rom contact
with small amouan of the toxic agent.

Standard colorimetric methods for the detection of fluoride
icn in water are effective down to 0.05 mg/l (50 parts per bil-
lion). The alizarin visual method appears very attractive, since
a color comparator could be made up and either included on the
badge or issued to personnel to be used with all the badges in
a partlcular area. The precision and accuracy of this test are
not as high as might be desired, but since the primary purposec
of the test is as a "yes/no" 1nd1cator of contamination, quanti-
tative accuracy is not critical.

L
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2.2.2 lLnergy Production

Increased dependence on imported oil over the past decade
has encouraged development of energy sources previously con-—
sidered uncconomic. Among these sources are a whole spectrum
of biologically produced substances which can be cowbusted or
othervise treated to produce encergy. The biological origin of
these substances naturally suggests the possibility of using
biocatalysts to perform any necessary transformations.

Much of the energy-related biocatalyst rescarch has been
focused on the hydrolysis of starches and cellulosic materials
produced by plants to the constituent simple sugars, primarily
glucose, which can then be fermented or otherwise broken down
to ethanol for use as a fuel feedback. Components of several
such proccsses have been designed which employ immobilized en-
zymes, but physical size limitations imposed by military re-
quirements would appear to limit their military application ex-
eccpt insofar as they affect the overall U.S. energy situation,

It may be possible to utilize biocatalyzed processes to
cenerate smaller amounts of energy synergistically while oper-
ating other processes. For example, Suzuki et al (104) and Kar-—
ube et al (135) report development of a bio~fuel cell using
immobilized whole cells of Clostridium butyricum. The fuel cell
can be operated with a glucose feed or using industrial waste-
wvater. The second application suggests that this system may
provide an auxiliary power source that would be a "free'" bypro-
duct of a process that might be necessary in a closed environ-
nent (e.g. undersea or outer space).

Approaches to solar energy conversion using immobilized
biocatalysis have been made by Egan and Scott (103) and by Hatch-~
ikian and Monsan (1980). These workers have immobilized hydro-
genase enzymes and propose to use them along with immobilized
chloroplasts and circulating ferredoxin (a coenzyme) to perform
photosynthetic water-splitting. The reduced ferredoxin would
be oxidized by the hydrogenase, producing hydrogen, and then
re-reduced by the chloroplasts, using solar energy. Technical
problems confronting this process are severe, however. A study
by Wingard and Gurecka (100) attempts a short cut. By immobil-
izing the cofactor to an clectrode, they hoped to gencrate elec-
trical energy directly from the reduction of the cofactor, in
this case riboflavin. This work is still at too early a stage
to predict a likely outcome.

soasidiifis ane -
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2.2.3 Medical Applications :)

Lecause of their origin, one of the primary ficelds of appli-
cation of immobilized biocatalysts has been the medical arca.
Two gencral arcas of medical application may be identificed, clin-
tcal analysis of biological samples and biocatalyst therapy.
Concepts with general medical dppllCdblllfy and with specilic
military uscfulness will be listed herein.

Clinical analyses for a groat range of substances have been
deviscd using immobilized enzymes A paltlal list of quantifi-
able substances includes: glucouo plutamlnc, arg1n1ne uric acid,
urea, oxalate, phosphate, amince acids, arginase, mcthionine,
cholesterol, alcohol anygdalin (lactrile), tyrosxne, antldlu—
retic hormonc, ethanol lactate, glycerol, choline, histidine,
malate, penicillin, and L11g1ycc11dcs. The analyscs are performned
using 1mmobilized enzymes to react with the substance and detect-
ing the products with a variety of instruments, primarily oxygen
clectrodes, pH clectrodes, and spectrophotometers. It appears
that most low molccular weight metabolites can be quantified in
this way, provided that their concentration in vivo is sufch1ontly
high and that interference due to closely related compounds in-
teracting with the enzyme used in the assay can be avoided.

Several scenarios can be devised for utilization of this
capability in the military medical services. For example, sen-
sors for ethanol or for various specific drug metabolites could
be employed in drug screening and/or drug abusc programs. Moni=
toring of atropine concentrations in blood would be of aid 1in
contxoll1n~ the course of recovery of personncl from cxposure
to CBW d”(an. Similar monitoring systems could be employed in
the use of other pharmacological treatments for traumatic 1n]urles
(i.¢., burns, gunshot wounds). Other applications of clinical
analyses using enzyme clectrodes developed during our contacts
with Naval pclsonncl will be discussed in section 2.3.

oo MDA A amw

Therapeutic treatments using biocatalytic methods have also i
been studied. Several lnveengators have constructed prototype
artificial organs using microcencapsulated or fixed immobilized
enzymes (c.g. Chang, 1966, 1977). The text cdited by Chang (1977)
describes a wide range of possible therapcutic treatments Among
them are: a) use of L-asparaginase to attack asparagine dopondon(
tumors; b) replacement of enzymes in genetic enzyme deficicncics;
c) artificial kidney and liver for dectoxification of body flulds
d) use of immobilized enzymes in a bio-fuel cell to power a car-—
diac pacemaker; e¢) use of enzymes in active transport of 02 and
€0, for an artificial lung; f) immobilization of antibodies for
adsorption of pathogens. The detoxification and/or immuno- ad-
sorption concepts may find particular application to military
medical requirements in CBW scenarios.
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] Other potential military medical applications of immobilized '
r biocatalysts fall into a miscellancous category. Stone et al
(16%0) have developed a strain of B. cercus bacteria which ap-

; pears to digest non-viable cschar tissue produced by burns but ;

3 not living tissue. This makes the non-viable tissue easier to |
renove and apperas to enhance the probability of successful skin ,
: svafts,  Immobilization of the cells should provide an additional ¢

devree of control and simplify managemeant of such cases. Nair

vt al (1974) showed that oral ingestion of a proLeolytlc enzyme -
reduced the incidence of postoperative adhesions in rats. Again,

1t would appear that immobilization ol these enzymes would pro-—

vide an added degree of control that might limit untoward side

cffects.

Another long-tcrm possible application of immobilized enzymes
is their use in removing antigenic suquancos from the erythrocyte
surface to produce a "universal blood donor". The initial phases
of this projcct, itdentification and isolation of the required
cazvnes, are already being funded by ONR (Contract #N-00014-76-C-
0269). It sccws clear that, based on cost and scale factors,
iimobilization of the isolated enzymes would be requirced to make
such a scheme practical. ORR has also supported a study (DDC AD
D 006929) developing a dextranase active against the polysac-
charides 1in dental plaque. Immobilization of this enzyme in a
dentifrice could be prophylactic against dental caries.

2.2.4 Miscellaneous Applications

Other concepts for the use of immobilized biocatalysts in
nmilitary situations cannot casily be characterized into one of
the above catcgories Kuan ct al (134) have developed a system
of immobilized en7ymbs whercein modified immobilized a-chymotryp-—
sin (3.4.21.1) can be activated by light. The active enzyme
then activates a second enzyme, pre- terQ1nase, which catalyzes
the conversion of dopamine to the dye melanin. Overall, the
system thus produces dye in response to light and therefore is
an enzymic photographic process Since it functions without
511vmr, it may have long-term po;entlal as a method of conserving
the scarce metal.,

L~

[

A second interesting concept 1s the use of bacteria in in-
sect control. Singer (1980) has found that strains of Bacillus
spha«ricus are toxic to secveral species of mOSqu1Lo larva. These
bacilli have long~term activity. Immobilization of the micro-
organisms would provide a further degree of control over this
process.

i ap e
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2.3 Visits to Naval Facilitics [or Suggestions on Potential
Applications of Enzyme Technologpy

In addition to discussions with Office of Naval Rescarch
personnel on possible naval applications of enzymes, visits
were made to a number of Naval facilities. These laboratories
were (1) Naval Bioscicnces Laboratory (NBL), Oakland, Ca.,

(2) Civil Engincering Laboratory (CEL), Port Hueneme, Ca.,

(3) David Taylor Naval Ship R&D Center (DTNSRDC) Annapolis, Md.,
(4) Ocecan Systems Command, Occan Sciences Division Laboratory
(0spL), Pt. Loma, Ca., (5) Naval Mcdical R&D Center (NMRDC),
Annapolis, Md.. Personnel at each of these facilities made use-
ful "sounding boards" regarding the potential of various con-
cepts we presented. In addition these same people came up with
a number of potentially useful applications based upon their

own ficlds of interest.

Discussions were held with the following personnel at NBL
during 2 visits to Oakland; Dr. N. Paoni and Lt. R. Arrozo.
Potential applications and or idcas for thc use of immobilized
ﬁn%ymcs which were brought forth by these scientists are listed

clow,

1. A sulphuric acid (S047?) sensor for air pollution
monitoring.

2. Immobilization of enzymes on magnetic particle sub-
strate for usc in reactors (for ease of later sep-
aration).

3. Provide better sewage sludge aeration when using
rotating disc sewage treatment devices e.g., in
CHT tanks.

4. JTmmobilize A-zyme and B-zyme for use in the universal
blood donor program.

Personnel contacted at CEL were Mr. C., Tmel, Dr. D.G. Chan
and Ms. S. Landon-Arnold. A wide variety of biological subjects
were discussed, principally centered on pollution control sys-
tems. Three potential areas were suggested for applications
to their nceds. These were (1) a sensor for rapid dctection of
biological oxygen demand (BOD) of waste waters, (2) a technique
for biodegradation of activated carbon to remove biological
"erud" and (3) an indicator or indicators to show if enzymes
are denatured.

A number of visits were made to DTNSRDC to discuss ship-
board applications of enzymes. Personnel contacted were Dr. §S.
Finger and Mr. W. van Hees. Potential applications of immobil-
ized enzymes for shipboard use centered on environmental prob-
lems, (e.g. submarine atmosphere control and monitoring and waste
trecatment and monitoring of effectiveness of same), chemical
and biological warfarc problems (c.g. agent sensors and detoxi-
fications of exposecd shipboard arecas).

—— e e et — -
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At the Ocean Science Division laboratory, discussions were
t held with Dr. S. Yamanota, Mr. M. Salazor and Mr. S. Steiner.
At the time of our visit, their research efforts were concentrated
on developing improved techniques for evaluating marine pollu-
tion using bioindicators such as mussels. One avenue of evalu-
ating pollution-induced stress in such bioindicators that they
were considering was to evaluate certain enzyme levels. They ¢
. also suggested that a family of so called "forensic" enzyme
electrodes might be developed for the detection of drugs in urine.
Another probably useful suggestion was the development of an
enzyme electrode for detection of CBW agents in body fluids.

The last facility visited was the Naval Medical R&D Center.
Personnel interviewed were Cdr. J.F. Bates and Capt. S. Jouseph.
Application areas suggested werc (a) disinfection of operating
room and laboratory hood air, (b) removal of HLA antigens from
bone marrow cells, (c) a tissue radiation damage sensor and
(d) detection of medically important micro-organisms.

Overall, the personnel contacted at the various facilities
reacted favorably to the concept of developing a program for
utilizing immobilized enzymes for naval applications. It was
the consensus that enzyme based sensors were the most likely
entry point for this technology, followed by applications where
controlled environment (temperature, pH, salinity) could be main-
tained such as medical applications. Also, it was the overall
consensus that the maintenance and updating of an immobilized

' enzyme data base was highly desirable.

— ade AN ¢
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2.4 Data Base Computerization

Application of immobilized enzyme technology depends in
part on the accumulation and organlzatlon of appropriate data
to prevent unwarranted duplication of previous research. This
can be avoided by a thorough review of such data. Journal ar-
ticles, together with abstracts, reports, supplements, symp031a,
proceedings and books, hold a vast amount of information pertain-
ing to the subject of immobilized enzymes that is difficult to
rapidly survey. References on the topic can be most efficiently
searched if brought together in a comprehen51ve collection and
cataloged in a way which offers users multiple entry points into
the classification scheme. Manual maintenance of such a system
does not permit fast, reliable retrieval of the large quantity
of references currcntly available. Further, it becomes increas-
ingly cumbersome as the size of the collection expands. This
difficulty can be overcome by the use of a computer that is de-
signed for data string manipulation and is capable of rapidly
searching through a mass of data.

Computerized access to a stored immobilized enzyme data
base will facilitate the rapid selection of references on, for
instance, a specific enzyme reaction or by a particular author,
Abstracts accompanying these references would further enhance
its value as a research tool for the Navy. Additions, deletionms,
and corrections can be entered via a CRT terminal. Periodic
and regular printouts of the entire listing would be possible.

In addition to more frequent update supplements, indexes to the
references can recadily be generated by a computer. Having such

a system available would ensure efficient utilization of research
and development funds and contribute to the coordination and
planning of future enzyme research.

Data base user requirements must be spelled out more explic-
itly before all possible ways of meeting them can be put forward.
However, some computer solutions appear to be more plausible
then others. Plausible approaches include: (1) make use of a
large commercial or military computer system already available
for other similar purposes; (2) utilize the B1oResearch mini-~
computer system; or (3) purchase a small mini-computer to be
dedicated to the single purpose of computerizing the enzyme data
base. These will be discussed below in more detail. Formali-
zation of the user access requirements, types of data which the
system would hold, and the depth of detail required for each
item, should p01nt to the most cost effective and useful system.

Each of these three computerlzatlon avenues was investigated
for feasibility. We first looked into whether systems already
in existence could meet or be adapted to meet our needs. For
example, Lockheed Missiles and Space Company has developed the
DIALOG Private File Service whicE of fers sophisticated computer
technology and services. Costs are based on the size of the

O
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‘ file, growth rate in terms of frequency and volume of update, g
r and the amount of file use. There are set rates for service
particulars, such as initial filc loading, updates, storage,
access charges, offline prints, teleccommunications, file reload-
ing and sort capabilities. Charges vary between records supplied
in the Intermediate File Format (a standard format of Lockheed) .
and those that are not, between difference types of contracts,
and between types of telecommunication options. Lockheed infor~-
mation systems does not maintain a data base design and produc-—
tion service, but will refer the user to an appropriate organiza-
tion for aid in data base buildin Storage would be on a high
speed disc and searched through either an IBM 3032 or 3033 com-
puter. Over 100 Lockheced system public files can be searched
to provide a private data base with supplemental information.

Another available computer system which could be used ef-
ficiently is the PDP-11/60 owned by BioResearch, Inc. and oper-
ated by our LElectronics Division in Ithaca, New York. An advan-
tage of this system over the large, commerc1al systems such as 1
Lockheed's, would be the vastly improved interaction between
technical personnel doing the scientific literature searching
and conputer personnel doing the programming and data retrieval.
This advantage would result in lower costs and greater conveni-
ence. Using our in-house PDP 11/60 would enable BioResearch
scientific personnel to efficiently utilize the resources and
capabilities of computer personnel and equipment at minimal cost.

Notable hardware features of the BioResearch PDP-11/60 are
its full 248K memory and the following additional pieces of equip-
ment :

DEC VT 55 terminals
DEC Rk@1l dual floppy disc drive
(250K per disc)

- Pertec tape drive (DEC compatible,

1600/800 bits per inch)
Versatec 1200A printer/plotter

(prints 1,000 lines per minute)
RK@7 Rigid discs @ 28M Bits/drive

3
1
1
1

M
-

1

2

The PDP-11/60 uses the RSX-11M multi-user operating system cur- )
rently supporting the following languages: ;
Fortran IV Plus, Cobol, Basic and MACRO 11 Asembler *

Costs for setting up an immobilized enzyme data base on ‘
the PDP-11/60 would involve the same items as in the Lockheed '
system. Major items would be the following:

- PDP-11/60 computer connect time

- telephone costs with a WATS line

cost of custom or available packaged program

- cost of setting up program

- CRT terminal and modem installed in Farmingdale

NS WN
1
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Costs for the above items wusing the BioRescarch computer will
be less than if the data base was stored on another organiza- ‘
tion's computer, using their personnel.

The last alternative for computerization lies in acquiring
a small computer to be devoted exclusively to the storage and
manipulation of the 1mmobilized enzyme data base. Mini-computer
systems of this sort start at approximately $25,000. An addi-
tional $5,000 can be planned upon for programming services and
an undetermined amount for key-in of the data. Generally, the
memory would be half that of the PDP-11/60 and the hardware less
poverful. Software ranges from floppy disc to high speed ran-
dom access disc.

Deciding among thesc threc alternatives is dependent upon
further information on the internal structure and size of tge

data base records. Cost and convenience will be factors to weigh,
as well as special features which might be available with each
system.

There would be outstanding benefits both in time of effi-
ciency and speed resulting from the computerization of the im-
mobilized enzyme data. Timely printouts and updates would pro-
vide the most current and relevant of reference information on
which to base research into Naval chemical problems.
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3.0 Recommendations

Based upon the initial survey of the literature and upon
our contacts with Naval personnel, several recommendations can
be made as to directions in which Naval research on immobilized
biocatalysts should be encouraged. First of all, it is clear
that we have only begun to compile available information on bio-
technology in this field. The insights galned into military
applications of this technology through this initial research
alone clearly indicate the advisability of maintaining and in-
creasing this data base, and of computerizing it if possible.
This would permit wide distribution of the data base and would
encourage increased contact among various m111tary facilities
engaged in research and development activities bearing on this
field.

General recommendations can also be made as to fields of
rescarch and development on immobilized biocatalysts in which
relatlvely near—-term benefits to the mllltary mission(s) can
be obtained. Currently, the most immediate area for develop-
ment appears to be the sensing and/or removal of toxic materials,
either pollutants or CBW agents. Naval laboratory personnel
appeared to be more interested, at present, in the application
of immobilized biocatalysts to "medical and pollution-control
problems rather than to CBW appllcatlons, perhaps because of
the difficulty in producing a "fail-safe" biosystem, as required
for CBW applications. Medical applications and pollution-con-
trol systems might therefore provide an avenue for gaining ac-
ceptance of biocatalysts as a modality for attacking Naval prob-
lems.
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GLOSSARY OF ABBREVIATIONS

All~, DEALL - cellulose
AMP, ADP, ATP

ATy
ATCC
BOD
CNBr
CFSTR
CySH
DMA

FAD, PFMN

Glut.
Ilcu

K> (Kp) app

Leu

wAD/NADT /NADH
(NADP)

Phe
pl
Q
Trp

v, 1U

Vmax
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Aminoethyl, dicthylaminoethyl
cellulose

Adenosine mono-, di-, or
tri-phosphate

Arginine

American Type Culture Collection
Biological oxygen demand

Cyanogen bromide

Constant flow, stirred tank reactor
Cyste

Dimethyl adipimidate

Flavin adenine dinucleotide,
monomucleotide

Glutaraldehyde
isoleucine

Michaelis-Menten binding constant
(apparent)

Leucine

Lysine

Methionine

Michaclis-Menten

Nicotinamide adenine dinucleotide
(oxidized/reduced form), or its
phosphorylated forms
Phenylalanine

Isoclectric point

Flow rate

Tryptophan

International Units of enzyme activity

)

(unit depends on enzyme)

Michaelis-Menten recaction velocity
constant
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Appendix - Data Base Compilation

The data basc given here is organized by enzyme number,
as specified by the TUB Commission on Inzymes. Table & contains
2 list of immobilized enzymes encountered in abstracted refer-
cnces to date. As discussed carlier, our classification system
also includes other categorizations of cnzymes which may bc of

eventual usc. lHowever, 1t was not considered useful to include
these classifications in the compilation presented herecin.
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Immobilized Enzymes Encountered in Abstracted References
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TABLL 4

Alcohol dehydrogenase
Lactate dchydrogenasc
Malate dehydrogenasce
Glucose—-6-phosphate dehydrogenase
Glucose oxidase

Alcohol oxidase

Formate dehydrogenasc
Acetaldehyde dehydrogenase
Alanine dehydrogenase
Glutamate dehydrogenase
L-Amino acid oxidase
Diaphorase

Uricase

Phenolase

Catalasc
Lactoperoxidase
Hexokinase
Phosphofructokinase
Pyruvate kinase

Acetate kinase

Carbamyl phosphokinase
Creatine kinase
Adenylate kinasc
Cholinesterase

Alkaline phosphatase

O




TABLE 4 Con't.

u—y

.26.1-5 Ribonucleascs

1.1 L-Amylase

.1.2 B-Amylase

.1.3 Glucoamylase
.1.17 Lysozyme
a-Galactosidase
.1.23 B-Galactosidase

.1.26 Invertase

WoWw W W W W W W W
N O OO CR SR
—
1R
'S

.21.1 a-Chymotrypsin

I~

.21.4 Trypsin
4.22.2 Papain
.4.23.1 Pepsin

L-Asparaginase

w W w W w (98} w w
Sk
pt

5.1.5 Urease /
5.1.11 Penicillin acylase "
.5.1.14 Aminoacylase :
5.2.6 Penicillinase
(3.12.1.1) Parathion hydrolase -
4.1.2.11 D-liydroxynitrile-lyase ;
4.1.2.13 Aldolase g
4.1.99.1 Tryptophanase ;
4.1.99.2 g-Tyrosinase
4.2.1.2 Fumarase
4.3.1.1 Aspartase
‘ 5.3.1.5 Glucose isomerasc
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